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ABSTRACT 
Background: Hip fractures are a major health problem in Canada, and two main contributors to 
hip fracture are weak bone strength and fall. Weak muscles also negatively affect bone strength 
and increase the likelihood of falling. Advanced imaging techniques, such as magnetic resonance 
imaging (MRI), offer in vivo measurement of bone strength and muscle area at the proximal 
femur. However, it is not known if MRI-based measurements of bone and muscle properties are 
repeatable (i.e. precise). 
Methods: The femoral neck and shaft of 14 healthy participants were scanned three times, using 
a 1.5T MRI with repositioning between scans. Boundaries of the femoral neck, shaft and four 
muscle groups were delineated semi-automatically. Geometrical and strength properties of bone 
and area of muscle groups were determined based on segmented images. The short-term 
precision errors (root mean square coefficient of variation; CVrms%) between the repeated 
measures were calculated accordingly. 
Results: MRI-based measures of bone geometry and strength and muscle area at the proximal 
femur demonstrated in vivo precision errors < 7.6%. The average CVrms% for bone measures and 
muscle area were less than 4% and 2.5% respectively. Higher CVrms% (e.g. average: 4.8%) was 
obtained for bone strength properties. 
Conclusion: This is the first study to evaluate the in vivo performance of MRI on application to 
the proximal femur and surrounding muscles. Results demonstrate that MRI is a promising non-
ionizing technique that offers precise measures of bone and muscle at the proximal femur. 
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1 INTRODUCTION 
1.1    Overview 
Hip fractures are a major health problem and economic burden in Canada [1]. Hip fracture may 
consequently lead to a patient’s disability and mortality [2]. A tool capable of identifying 
fracture-prone individuals may help alleviate the burdens of hip fractures. 
Bone strength, or the ability of bone to withstand an applied stress without fracture [3], 
is regarded as the indication of bone condition and susceptibility to fracture. Bone strength is 
related to bone geometry and material properties [3]. Information regarding the strength of the 
hip (proximal femur) and surrounding muscle is invaluable and may help reduce risk of falling-
related injuries, such as fractures. In addition, bone strength is influenced by forces exerted by 
surrounding muscles (i.e. muscle-bone interactions) [4]. Evidence indicates that muscle affects 
bone adaptation on its mass, structure and strength [5]. Importantly, falling is another strong risk 
factor for fracture and weakened muscle increases risk of falling [6-8]. Currently researchers are 
seeking a precise and safe technique to measure bone and muscle properties. 
The use of advanced imaging techniques has become a mean to estimate bone strength 
and measuring muscle in vivo. However, current imaging techniques for such purposes are 
limited. Dual-energy X-ray absorptiometry (DXA) is limited to 2D images, and does not provide 
3D structural information about bone and muscle. Although DXA-based Hip Structural Analysis 
(HSA) provides estimates of bone geometry and strength, it provides little information about 
muscle structure and is limited to 2D projectional images. Computed tomography (CT) offers 
precise 3D representations of musculoskeletal structure, but at the expense of high radiation dose 
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which could be harmful to a participant’s health [9]. One imaging technique offering potential to 
provide 3D measures of hip geometry and strength is magnetic resonance imaging (MRI). In 
addition, the superior soft tissue contrast of MRI makes imaging of muscle area feasible [10]. Of 
note, in the biomedical field, muscle area is often used as a surrogate estimate of muscle force 
[11]. However, the precision of MRI (or the ability to present repeatable results) in bone strength 
estimation and muscle area measurement at the proximal femur is currently under-explored. 
The specific objective of my research was to assess the in vivo precision of MRI-based 
measures of bone strength and geometry at the hip femoral neck and shaft, in addition to muscle 
size (area). Through this study, the potential utility of MRI for assessing bone and muscle 
properties is evaluated. 
1.2    Scope 
Chapter 2 provides an overview of hip anatomy, including proximal femur and surrounding 
muscles; a brief review of hip fracture, such as severity, risk factors, characterization, 
pathogenesis and current assessment methods for fragile bone; relations between femur 
strength/surrounding muscle area and hip fractures; and fundamental mathematical equations for 
estimating bone strength. Chapter 3 presents research questions and study objectives. Chapter 4 
outlines the methodological details of the in vivo short-term MRI precision study. Chapter 5 
presents precision results from this study. Chapter 6 discusses study results, including a 
comparison of study results to previously reported results, and strengths and limitations of this 
study. Chapter 7 concludes this study, outlines significance, and offers recommendations for 
future studies. 
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2 LITERATURE REVIEW 
2.1 Functional Anatomy 
2.1.1 Hip Joint 
The hip joint is a classical ball-and-socket structure, where the ball refers to femoral head (which 
is convex) and the socket refers to the acetabulum (which is concave) [12] (Figure 2-1). The 
head of the femur fits into the acetabulum and articulates within it, thereby forming the hip joint.  
The acetabulum is coated with cartilage around most of its periphery except the central and 
inferior compartments, which form a horseshoe-shaped structure [13]. At the central inferior 
acetabular fossa, it contains a synovial covered fat pad which provides shock absorption and 
reduced friction between surfaces [12]. Labrum, a fibrocartilaginous tissue, attaches to the rim of 
the acetabulum. It plays a role in enhancing the mechanical stability of the hip joint and also 
preventing synovial fluid from leaking to the peripheral compartments of the hip joint [12, 14]. 
The stability of the hip joint is “secured” by the hip capsule (capsular ligament), which also 
ensures the hip joint functions properly and prevents from dislocation [14].  
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Figure 2-1. Anatomy of hip joint, including the femoral head, acetabulum and capsular ligaments. 
Modified from Gray’s Anatomy [15]. 
 
The hip is loaded differently in circumstances of two-leg stance (e.g. standing) and one-
leg stance (e.g. walking, running or other out-of-plane activities). At the hip joint, the load (e.g. 
body weight) is transferred to the acetabulum and then to the femoral head through contact area. 
In the circumstance of standing, or two-leg stance, the whole body weight minus the weight of 
both legs is loading equally on both femoral heads with the center of gravity located at the center 
of both hip joints [12]. In contrast, the loading condition changes in the circumstance of other 
one-leg postures and activities, or one-leg stance. The center of gravity shifts laterally and away 
from the supporting lower limb because of the inclusion of the weight of the non-supporting 
lower limb [12] (Figure 2-2). Also taking the forces exerted by surrounding muscles into account, 
the supporting lower limb bears a higher load in one-leg stance than in two-leg stance. 
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Importantly, hip fracture occurs at the proximal femur because of larger force transmitted than 
the bone can bear, which causes bending and compression of the bone. 
 
Figure 2-2. A diagram illustrates hip joint force in the circumstance of walking (i.e. one-leg 
stance), where K is the weight of body minus the weight of the supporting lower limb (i.e. stance 
leg), M is the force exerted by muscle, R is the joint reaction force, a is the moment arm of K, 
and b is the moment arm of M [12]. 
 
2.1.2 Proximal Femur 
The proximal femur anatomically consists of the femoral head, neck, trochanter and shaft (Figure 
2-3). The femoral head is a globular structure coated with cartilage on its smooth surface that 
lubricates the joint movement. The femoral neck extends from the femoral head and then meets 
trochanteric region, which includes the greater trochanter and the lesser trochanter. The femoral 
neck is the narrowest cross-section of the entire femur (i.e. most susceptible to hip fracture), 
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which bears compression and bending in the majority of circumstances [16-17]. Ligamentous 
and muscular forces generate compressive stress, while bipedalism (i.e. motions such as walking) 
produces bending stress at the femoral neck [16-17]. The compressive loads are transmitted to 
the femoral shaft, the tubular-shaped structure located immediately below the lesser trochanter, 
which makes the femoral shaft mostly experience compression rather than bending [17-18]. In 
the case of fall, the shaft is mostly subjected to bending which leads to high-energy fracture (i.e. 
a type of fracture which commonly happens to young and healthy bone by incidences such as car 
accident and height falling [19]). 
 
Figure 2-3. An illustration of the proximal femur (left) and anterior view (right) of the overall 
femur and part of femur muscles, showing the locations of the femoral head, neck, shaft, greater 
trochanter and lesser trochanter. Modified from Gray’s Anatomy [15]. 
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From a macroscopic point of view, the femur consists of cortical and trabecular bone, 
and is partially infiltrated with bone marrow (Figure 2-4). Cortical bone, or compact bone, forms 
a dense outer layer called the cortex to provide major support to the whole body. Cortical bone 
loss, or cortical thinning, occurs with aging which increases bone fragility [9, 20-22]. Trabecular 
bone, or cancellous bone, is a more porous bone enclosed by the cortical bone. At the femoral 
shaft, instead of trabecular bone, bone marrow exists in the cortical shaft and there is little to no 
trabecular bone. Bone marrow has two types: red and yellow bone marrow. Red bone marrow 
consists mainly of hematopoietic tissue, which produces blood cells in mammals; while, yellow 
bone marrow is mainly composed of fat cells. In the elderly, more yellow bone marrow is 
generated rather than red bone marrow [9].  
 
Figure 2-4. Internal structure of the proximal femur, showing that the femoral neck contains 
trabeculae surrounded by a layer of thin cortical bone. However, the femoral shaft contains a 
marrow cavity which is surrounded by a thick cortical layer. Modified from Gray’s Anatomy 
[15]. 
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2.1.3 Surrounding Muscles of Proximal Femur 
There are numerous muscles at the hip region and along the femur which help produce 
movement and maintain balance of the human body. Femur muscles, such as extensors, 
adductors, abductors and flexors, are naturally built for different purposes. Extensors plays an 
important role in extending the femur from the lumbo-pelvic complex, e.g. pull the knee down 
and backward; adductors provide medial movement of the lower limb towards the middle of the 
body, e.g. moving the femur inward with hip straight; abductors are responsible for lateral 
movement away from the midline of the body, e.g. moving the lower limb outward to the side; 
flexors acts for flexing the femur onto the lumbo-pelvic complex, e.g. pull the knee upward. 
Muscles attach to bone through tendon (i.e. a fibrous connective tissue) and exert forces on bone 
which influences the resistance of the bone to fracture [23]. 
 
2.2 Hip Fractures 
Hip fractures are a major health problem and economic burden in Canada [1]. Hip fractures 
affect approximately 30,000 people each year in Canada [24-25]. Severe hip fracture can 
consequently lead to a patient’s disability and mortality [2]. In 1996-1997, the annual cost to care 
for hip fracture patients to the Canadian Health Care System was estimated at 650 million dollars. 
This amount is expected to rise to 2.4 billion annually by 2041[24]. 
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2.2.1 Risk Factors 
Risk factors for hip fracture have been determined in several studies [26-29], including 
weakened bone and muscle strength, falling risk and individual clinical characteristics [30]. Bone 
strength, or the ability of bone to withstand an applied stress without fracture [3], is regarded as 
an indication of bone’s health condition. Osteoporosis, a bone disease characterized by 
compromised bone strength [3], is commonly linked to low-energy fracture [19, 31-33] (i.e. a 
type of fracture which commonly happens to weakened bone by incidences such as fall to the 
side [19]), with 70-90% of hip fractures being linked to osteoporosis [25]. In addition to weak 
bone strength, numerous studies show that falling is another strong risk factor for hip fracture [6-
8]. More than 95% of hip fractures result from a fall [30]. Among people with hip fracture, 
approximately 90% are elderly people [34]. Studies reveal that people are more likely to 
experience fall if they have weakened muscles, or have lower muscle force [35-36]. It is widely 
recognized that muscle area is a surrogate measure of muscle force and is positively related to 
each other [5]. Muscles provide adequate muscle force to balance the body and prevent 
accidental falls, but diminish in area at older stages. This increases fall risk, unless external 
training to maintain muscle area is conducted continuously. Moreover, individual clinical 
characteristics have also been found to affect the risk of hip fracture, such as physical activity 
levels, estrogen exposure, fracture history, calcium and vitamin D intake, cigarette smoking and 
alcohol use. [30]. 
2.2.2 Characterizations and Pathogenesis 
Compared with healthy bone, the fragile femur shows alternations in its morphology and 
mechanical properties. Morphologically, a femur with thinner cortical thickness is more 
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susceptive to fracture [37-38]; the same for the femur surrounded by smaller muscles [35-36]. 
This is due to bone and muscle experiencing gradual loss with aging. As age increases, more 
resorption of bone cells happens rather than formation. This increases endosteal bone resorption 
and reduces periosteal bone formation [39-40]. Changes in morphology of bone compromise its 
resistance to fracture [19, 33, 41-42]. Dickenson et al. found that the mechanical properties of 
fragile bone (e.g. osteoporotic bone), such as strength and stiffness, are less than that of normal 
bone [41]. He also found that fragile bone shows reduced ability to absorb energy before fracture 
than normal bone; however, this is not linked to changes in mineral content (e.g. bone mineral 
mass or density) [41]. Later, Chen et al. found that the changes in morphology, such as the age-
related thinning effect of the cortical bone, compromise the capacity of the whole structure to 
absorb energy [42].  
2.2.3 Current Assessment Methods 
Advanced imaging techniques are used to define whether bone is prone to fracture through 
measuring bone mineral density (BMD; a measure of bone quality), bone geometry and strength 
[43]. The World Health Organization (WHO) proposed a scoring system (i.e. T score) to 
evaluate bone fragility, according to the standard deviation (SD) of patient’s BMD value to a 
reference population (i.e. healthy individuals, 30 years of age, same sex, who have peak bone 
mass). For instance, the bone is defined as normal if -1 < T score < +1; the bone is defined to be 
less strong than the normal bone if  -2.5 < T score < -1 (i.e. osteopenia); the bone is defined to be 
more fragile or one or more fragility fractures have already presented if T score  -2.5 (i.e. 
osteoporosis) [44]. However, this assessment method is queried by many studies because a 
substantial amount of hip fractures happen to individuals who were previously diagnosed as 
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having normal bone [45-48]. For example, in a population study of 5794 participants, only ~2/5 
women and ~1/5 men who experience non-vertebral fractures were previously classified as 
having fragile bone [46]. It is suggested that assessment of bone geometry and strength should be 
taken into account for evaluation of bone’s condition [9]. Non-invasive imaging techniques are 
applied, in vivo, to characterize bone geometry and derive estimates of bone strength based upon 
its geometrical properties. Some of those imaging techniques can also be employed to assess 
muscle area [5].  
 
2.3 Hip Fracture and Femur Bone Strength 
Fractures occur increasingly at the femoral neck and shaft [9, 49-50]; therefore, more attention 
has been paid to these sites to reduce the risk of hip fracture. At the proximal femur, the femoral 
neck is apparently regarded as the weakest site due to a small area and thin cortical thickness [9]. 
Theoretically, the femur can withstand an applied stress if the stress is less than the bone strength 
of the femoral neck. Thereby, the neck has claimed to be the most crucial site for characterizing 
the overall proximal femoral strength [9]. With aging, cortical thickness diminishes at both 
femoral neck and shaft sites, leading to fracture susceptibility at both sites [51]. Further, there 
have been recent heightened incidences of femoral shaft fracture, perhaps due to medication 
usage for reducing bone loss [49-50]. Therefore, it is important to estimate the bone strength at 
these two sites through reliable measurement. 
Studies reveal that bone strength is determined by bone geometry in addition to BMD [3, 
9, 45-46, 52].  Importantly, BMD can only partially explain the bone strength, which can give 
rise to inaccurate indications of susceptibility to hip fracture if diagnosis is based solely on BMD. 
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Several studies have demonstrated that bone strength is strongly affected by changes in bone 
geometry [53-56]. In the field of engineering, when a beam is loaded in bending, the stress can 
be expressed by 
  
  
 
                                                              (2-1) 
where  denotes the bending stress; c denotes the distance from the neutral axis; M denotes the 
bending moment; and I refers to the area moment of inertia. 
For a given value of M, bending stress can be reduced by either decreasing c or increasing I. I is 
a strength index of a structure, which is related to the geometrical properties of the structure. For 
example, for a tubular bone, the area moment of inertia (I) is given by 
  
 
 
                                                            (2-2) 
where R refers to the periosteal radius and r refers to the endosteal radius. For reference, R 
approximately equals to 1.8 times r for mammalian long bones [57], which makes I=0.71R
4
. 
Thus, an increase of 10% in R will result an increase of 46% in I. As age increases, R and r may 
expand differently as a result of bone formation on the periosteal surface and bone resorption on 
the endosteal surface. For instance, R increases by 10% while r increases by 35%, resulting in a 
decrease of 6% in the cortical area, which still causes I to increase 27% [58] (Figure 2-5). This 
explains the phenomenon that although cortex thinning happens, the bone strength may still 
remain the same if the bone diameter increases [59]. Therefore, deterioration in bone geometry 
increases the risk of hip fractures [53, 60-61]. 
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Figure 2-5. The structures represent the cross sections of tubular bone. The effect of aging is 
simulated by increasing the periosteal radius by 10% (i.e. bone formation on the periosteal 
surface) and the endosteal radius by 35% (i.e. bone resorption on the endosteal surface). This 
results in a decrease of 6% in the cortical area, however, an increase of 27% in the area moment 
of inertia I. It demonstrates that I is related to the geometrical properties of the structure, such as 
radius or diameter of a tubular structure. Modified from [58]. 
 
Imaging-based bone geometrical and strength properties are strongly associated with 
failure load measured through mechanical testing [62]. Mechanical testing on the bone is the 
“gold standard” for determining bone’s mechanical properties, such as the bone strength. The 
failure load can be measured through mechanical testing, which refers to the load that causes 
failure of a material (e.g. bone fracture). A previous study reported the relationships between 
imaging-based bone variables and mechanical testing-based failure load [62]. At the femoral 
neck, magnetic resonance imaging (MRI)-derived cortical area and area moment of inertia had 
high associations with the failure load, explaining 46% and 48% of the total variance (r
2
), 
respectively [62]. This study reveals that as a non-invasive approach, imaging techniques such as  
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MRI are able to provide compatible estimations of bone geometry and strength to mechanical 
testing-based measures. 
 
2.4 Bone Strength Indices 
Principal moment of inertia (Imax and Imin), section modulus (Zmax and Zmin), torsional rigidity (Zp) 
and buckling ratio (BR) are indices of bone strength, which can be derived from bone 
geometrical properties.  
2.4.1 Area Moment of Inertia 
Inertia aims to resist an object to a change to its current state, and area moment of inertia (I) 
refers to the resistance of an object to bending [63]. I is useful as an indication of bone strength 
under bending. A high value of I indicates large bone strength to resist bending. For a non-
symmetrical tubular cross section (e.g. bone) in bending, a reference coordinate system m-n 
passes through its centroid. Im and In refer to the bending resistance about the m and n directions, 
and are derived with respect to m-n axes. The equations for calculating Im and In are [63] 
   ∫ 
                                                             (2-3a) 
                     ∫ 
                                                             (2-3b) 
where dA denotes the cross sectional area of a small area (e.g. a pixel); n denotes the distance 
from the centroid of the small area to the m axis; and m denotes the distance from the centroid of 
the small area to the n axis. 
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The parallel axis theorem is applied to find the Im and In about any axes (m-n axes) that parallel 
to the reference x-y axes. Following equations are used [63] 
        
                                                         (2-4a) 
                    
                                                          (2-4b) 
where Im and In refer to the area moment of inertia with respect to the reference m-n axes; Ix and 
Iy refer to the area moment of inertia about x-y axes parallel to m-n axes; A refers to the area of 
the object; and x and y refer to the distances from the centroid of the object to the x-y axes, 
respectively. 
Product moment of inertia (Ixy), represents the “imbalance” of this cross section (e.g. rotation), is 
also derived with respect to x-y axes. The equation for calculating Ixy is [63] 
    ∫                                                                (2-5) 
where x, y and dA are the same as those in equation 2-3. 
Another coordinate system x’-y’ exists at an angle to x-y axes is called principal axes, on which 
Ixy vanishes and the cross section is balanced (i.e. no rotation) (Figure 2-6). Ix and Iy calculated 
with respect to the principal axes are their maxima (Imax) and minima (Imin). Imax and Imin are the 
principal moments of inertia and represent the maximum and minimum bending resistance of an 
object, respectively. It is used for determining the locations of the strongest and weakest 
strengths of a cross section, respectively. The equations for calculating Imax and Imin are shown 
below [63] 
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                                                       (2-6c) 
where Ix and Iy refer to the area moment of inertia with respect to x and y respectively; Ixy refers 
to the product moment of inertia; and  refers to the angle between the reference x-y axes and 
the principal axes x’-y’. 
 
Figure 2-6 MRI image of the femoral neck. The neutral x-y axes are shown in white color, 
according to which Ix and Iy were calculated. The principal axes are shown in green color, on 
which Imax and Imin were calculated. On the principal axes, Ixy equals to 0. There is an angle  
between the two coordinate systems. 
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2.4.2 Section Modulus 
Section modulus (Z) is also a bending strength index; a high value of Z indicates large bone 
strength to resist bending. The section modulus is better to describe the bone strength in 
comparisons between individuals [38]. Because each individual has different bone diameter, the 
farthest distance in the bone’s cross section from the reference x-y axes varies. In calculating the 
section modulus, the variations in the shape of bone’s cross section is disregarded, which makes 
the section modulus more suitable for comparison study. The equations for calculating Zmax and 
Zmin are shown below 
     
    
(  )   
                                                              (2-7a) 
                            
    
       
                                                            (2-7b) 
Where (cy)max and (cx)min are the farthest distances from the reference x-y axes, respectively. 
2.4.3 Torsional Rigidity 
Torsional rigidity (Zp) is another index of bone structural strength to determine the stiffness of 
bone to resist applied torque (i.e. torsional resistance). Zp of any thin-walled cross section can be 
estimated using the classic Bredt’s formula 
                                                                    (2-8) 
where A denotes the cross-sectional area enclosed by the median line of the periosteal and 
endosteal boundaries; and t denotes the thickness of the thin wall, such as cortical thickness.  
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2.4.4 Buckling Ratio 
Buckling ratio (BR) is related to instability of bone. The bone can be induced to failure mode 
once it is subjected to buckling. For a bone in high compression, the critical stress (cr) at which 
the bone becomes critically unstable (i.e. buckling) is [22] 
        
 
 
                                                          (2-9) 
where t is the cortical thickness; R is the radius of bone; and E is the elastic modulus of the bone. 
BR is essentially related to the ratio of t/R. The classic equation for calculating BR is [64] 
   
    
 
                                                             (2-10) 
where rmax refers to the maximum distance from the outer boundary to the centroid (i.e. the 
maximum bone radius for a non-symmetrical structure); and t refers to the cortical thickness.  
Another area-based approach to calculate BR is 
   
    
    
                                                            (2-11) 
where Acor is the area of cortical bone; and Atot is the area of total bone. This approach is also 
related to the ratio of t/R. 
 
2.5 Hip Fracture and Femur Muscle Area 
Muscle forces impact bone strength and also prevent from falling [4-5, 35, 65-66]. Surrounding 
muscles affect femur bone strength through muscle-bone interactions [4]. The contractions of 
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regional muscles (i.e. resulting in force) induce natural stimuli for bone growth [4, 67]. Previous 
studies showed the existence of a close correlation between muscle area and bone strength [67-
71]. Hogler et al. [67] conducted a study with 145 healthy subjects and reported a strong 
correlation between muscle area and cortical area of the proximal femoral shaft (r
2
=0.91 for male 
and r
2
=0.88 for female). It is also noted that bone loss is associated with a decrease in muscle 
mass and strength with aging [71-74]. In addition to weak bone strength, numerous studies 
showed that falling is another strong risk factor for fracture [6-8]. In the process of falling, the 
proper and adequate muscle strength plays an important role in decreasing fall risk [35-36].  
Muscle area (i.e. a surrogate measure of muscle force) can be measured using imaging 
tools [5, 75-76]. Conventionally, muscle strength is measured by gripping a dynamometer [77]. 
The muscle strength, or the ability of muscle to generate forces, is linked to muscle area [78-79]. 
Currently, advanced imaging techniques are applied to provide in vivo information regarding 
muscle structure, including the muscle area [75-76]. 
 
2.6 Imaging Bone and Muscles 
2.6.1 Dual-energy X-ray Absorptiometry (DXA) 
Dual-energy X-ray absorptiometry (DXA) is a two-dimensional (2D) imaging tool which offers 
reliable assessments of BMD and body composition, but it is insufficient in describing the 
fragility of bone and overestimates muscle tissue [45-47, 80]. DXA uses x-ray at two energy 
levels passing through the body to derive regions of two different components, such as bone and 
soft tissue (e.g. muscle) in regions with bone. The principle of this technique is based on 
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differential attenuation by bone and soft tissue at two energy levels [81]. DXA image is thus 
constructed from a three-dimensional (3D) structure to a 2D projection. Using this principle, 
measures such as areal BMD (aBMD, g/cm
2
) can be estimated, most commonly at the proximal 
femur and lumbar spine [82]. Even to date, the use of DXA is regarded as the gold standard for 
osteoporosis screening using scoring system defined by WHO [82]. However, a substantial 
number of bone fractures were found among the population who were previously diagnosed as 
non-osteoporotic [45-47]. This finding, again, reveals that bone strength is determined not only 
by BMD, but also varies with bone geometry [37-38]. On the other hand, because of the wide 
accessibility and being inexpensive to use, DXA becomes an alternative approach of body 
composition measurement. However, DXA was found to likely overestimate muscle tissue 
because of the inclusion of skin and other non-muscular tissue [80, 83]. 
DXA-based Hip Structural Analysis (HSA) is a method introduced to extract geometry 
and strength properties from DXA images beyond BMD, but is still associated with some 
technical and fundamental limitations [84]. The HSA method is based on the principle that a line 
of pixel values across the bone axis contain structure information about the corresponding cross 
section at this location, such as width and length [38, 85]. Then more geometrical properties, 
such as cross-sectional area, can be estimated based on certain assumptions and strength 
properties can be derived based on these structural and geometrical properties. Femoral neck (the 
narrowest cross section) and shaft (2 cm distal to the midpoint of the lesser trochanter) are 
measurable using this method [85]. Corresponding geometrical properties such as cortical 
thickness and strength properties such as cross-sectional moment of inertia, section modulus and 
buckling ratio can be estimated. However, those properties are calculated under an assumption of 
a circular annulus with percentage of material distribution assumed (Figure 2-7) [85-86]. 
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Although HSA is capable of providing structural measurement, DXA scanner was originally 
designed for areal density measurement. Poor spatial resolution and 2D presence of image (e.g. 
limited geometrical information in one plane) complicate the detection of bone structure, 
especially of very small structures and changes [84].  
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Figure 2-7 A DXA scan of hip (top), showing positions of analysis regions across the femur at 
the neck, intertrochanteric, shaft and corresponding typical bone mass profiles used in 
measurements of geometrical properties. In DXA-based HSA, an assumption of circular annuli is 
made with accounting 60/40 proportion of cortical/trabecular bone and 100% cortical bone in the 
neck (bottom left) and shaft (bottom right) regions, respectively [85]. 
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2.6.2 Computed Tomography (CT) 
Computed tomography (CT) is an X-ray based imaging technique that offers BMD and 
geometrical measurement of internal structures. CT possesses more advantages over DXA in 
most clinical imaging applications. CT images are generated by following two step processes:  
initial scan data acquisition and tomographic image (or thin imaged “slices” of measured 
structure) construction by applying mathematical calculations. Using a calibrated phantom, CT 
numbers that are measured in Hounsfield Units (HU) can be transformed into 3D volumetric 
BMD equivalents (mg/cm
3
). 3D volume images of tissues can be reconstructed through aligning 
series of parallel images. The use of CT technique is increasing as it shows more advantages over 
DXA, such as 3D morphological measurement, rapid scanning time (current effective scan time: 
80-200ms/slice) and capability of separate measures of cortical and trabecular bone [87-89].  
To date, CT imaging is increasingly applied to investigate proximal femoral integrity, 
structure (Figure 2-8) and surrounding muscles (Figure 2-9) [48, 90-96]; but its use is limited to 
the low accessibility and radiation exposure issue. Jordan et al. conducted a retrospective study 
which revealed there is a vast increase in CT application for investigating occult hip fractures 
[92]. They found that, in 2006-2007, 20 CT scans were performed out of 547 hip fractured 
patients; however, this number of CT scans has increased to 239 out of 499 hip fractured patients 
in 2010-2011. The rapid increase in the use of CT is related to the reliable results it delivers. 
However, accessibility of CT is relatively low because of high cost and maintenance fees, 
compared to the use of DXA. Also, CT delivers a considerable dose of radiation to subjects 
depending on measuring location [97]. As for a 3D hip quantitative CT examination (15 cm scan 
length), an effective radiation dosage of 2.5-3 mSv is applied [98-99], which is much higher than 
the effective dosage of 0.009 mSv that a DXA scan delivers [100]. This compares with the annual 
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effective dose of 1.8 mSv from natural background in Canada [101] and 0.05 mSv during a 
transatlantic flight [102]. 
 
Figure 2-8 Left: CT scans of the proximal femur with defined longitudinal femoral neck axis, and 
showing the region of interest for cross section of the femoral neck; right: segmented cortical 
bone. (Adapted from Ito et al. [90]) 
 
Figure 2-9 CT scans of hip muscles. Left: hip extensor; middle: abductor; right: (a) hip abductors 
and (b) hip flexors; Top grey images are raw CT scans; bottom colored images are software 
automatically segmented images combined with user manually correction: lean areas are shown 
in green, while fat areas outside and inside lean areas are shown in dark and light blue, 
respectively. Red areas are lean tissues that outlined for illustration and orange areas are fat 
tissues within the lean tissues. Black areas are bones. (by Lang et al. [96]) 
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2.6.3 Magnetic Resonance Imaging (MRI) 
Magnetic resonance imaging (MRI) is a 3D imaging technique that provides measurements of 
bone geometry and strength and soft tissues such as muscles; although it has some 
contraindications and limitations, it offers non-ionizing radiation to a subject which increases 
researchers’ interest in investigating the potential of MRI in musculoskeletal measurements. MRI 
uses a powerful magnetic field to align the magnetization of some atomic nuclei in the body. 
Radio frequency pulses are applied to systematically alter the alignment of the magnetization. 
This causes the nuclei to produce a rotating magnetic field detectable by the scanner. At the final 
stage, MRI constructs an image of scanned area based on recorded information [103-104]. Unlike 
CT, MRI is capable of directly acquiring images of a 3D structure at arbitrary orientations 
without reformatting axial data [105]. With its 3D imaging ability, MRI has been used to measure 
bone geometry, estimate bone strength and investigate bone changes at the proximal femur [9, 
106]. MRI has been generally applied to depict cortical and trabecular bone, thus, bringing the 
scope down to the macrostructure of femur [105-108]. In addition, MRI is uniquely suited for 
muscle area measurement due to its superior soft tissue contrast that makes the measurement of 
soft tissue feasible. Although MRI has some contraindications (patients with a pacemaker are not 
allowed to take MRI scans) and limitations (high cost and long imaging time), researchers 
continue to investigate MRI performance (i.e. repeatability) because of non-ionizing radiation and 
superior soft tissue contrast features [9, 62, 75, 78, 106, 108].  
To date, the performance of MRI has been investigated in regard to bone geometry, strength and 
muscles area at the lower limb (Figure 2-10 and 2-11) [9, 75, 105-106, 109]. Sievanen et al. [9] 
conducted the most comprehensive MRI precision study so far, but through this study he only 
focused on measurement of the femoral neck (Figure 2-10). In this study, MRI images were 
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segmented manually, which resulted in high values of precision errors (i.e. root mean square 
coefficient of variation; CVrms%) for bone strength measures. Also, he obtained CVrms% for polar 
section modulus and cortical-to-total ratio as the only two measures of the bone strength. 
However, in the majority cases, the proximal femur is subjected to bending and compression. 
Polar section modulus is the bone strength index in torsion and cortical-to-total ratio is essentially 
the area-based buckling ratio which is the bone strength index in compression. The bone strength 
index in bending was not reported in this study. In addition, image analysis applied in this study 
was based on assuming the cross section of the femoral neck is a circular shape, which also 
increased CVrms% because the femoral neck is a non-symmetrical structure [9]. Woodhead et al. 
[109] conducted a MRI precision study focused on the bone geometry of the midfemoral shaft. 
However, this study reported coefficient of variation (CV%) as precision results. CV% is only the 
representative of the short-term precision of an individual subject, which cannot represent the 
performance of the technique in general. Instead, CVrms% was suggested for calculating the short-
term precision of an imaging technique [110]. Also in this study, the performance of MRI on 
measuring the femoral shaft strength properties was not included [109]. This is insufficient to 
estimate the bone condition as the bone strength is the direct measure rather than the bone 
geometry. To our knowledge, there is no MRI precision study that evaluates the surrounding 
muscle area of the proximal femur. There was only one study which reported the performance of 
MRI on measuring the muscle volume at the leg [75] (Figure 2-11). This study only used the 
intraclass correlation coefficients (ICC) to define the repeatability of MRI. This is insufficient to 
characterize the repeatability of an imaging technique as ICC only refers to how strongly 
variables resemble each other. 
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Figure 2-10 MRI images of the proximal femur in (A) oblique coronal and (B) oblique saggital 
directions; (C) raw MRI image of the femoral neck; (D) with manual delineation of periosteal and 
endosteal boundaries [9]. 
 
 
Figure 2-11 (A) MRI image of calf muscles at leg; (B) segmented subcutaneous fat; (C) 
segmented calf muscles. (Adapted from Commean et al. [75]) 
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2.7 Summary 
1. Hip fractures are most common to the population characterized by weakened bone and 
muscle strength, such as elderly people; the strength of femoral neck and shaft is associated 
with increasing risk of hip fractures. 
2. Bone geometry is an important determinant of bone strength. 
3. Muscles affect bone through bone-muscle interactions, and contribute towards preventing 
fall-related hip fractures. Muscle area is a surrogate measure of muscle force. 
4. The most popular imaging techniques for bone and muscle are DXA and CT. These 
methods have certain limitations: DXA is limited to estimations of bone and muscle structure 
from 2D scans; and CT delivers high radiation dose which could be harmful for participant’s 
health. 
5. MRI is able to measure bone and muscle in 3D without radiation exposure. However, its 
performance at measuring the proximal femur and surrounding muscle properties is under-
explored. 
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3 RESEARCH QUESTIONS AND OBJECTIVES 
3.1 Research Questions  
The basic question which motivates my M.Sc. research is: Can MRI precisely measure proximal 
femoral bone and muscle properties. To help answer this basic question, the goal of my M.Sc. 
research was to determine the precision (i.e. repeatability) of MRI-based measures of bone and 
muscle properties. Using MRI, in combination with custom imaging processing algorithms, I 
aimed to answer the following research questions: 
1. Can MRI provide precise in vivo measures of bone geometry and strength of the femoral 
neck and shaft? 
2. Can MRI provide precise in vivo measures of muscle area at the femoral shaft? 
 
3.2 Research Objectives 
To answer the questions posed in this study, my objectives were to: 
1. Determine the in vivo precision of MRI in deriving bone geometry and estimating bone 
strength at the femoral neck and shaft. 
2. Determine the in vivo precision of MRI in measuring muscle area at the femoral shaft.
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4 METHODS 
4.1 Participants 
Fourteen healthy participants (5M:9F) from the University of Saskatchewan were recruited for 
MRI scanning, with ages ranging from 21 to 68 years (mean±standard deviation (SD): 
30.4±12.0 years). The participants provided consent for scanning. Due to unexpected reasons, 
the data of one participant were missing for the precision study of the femoral shaft and muscles. 
Without this participant, the age range of the new group of participants still remained the same, 
but the mean and SD shifted a little (mean±SD: 30.6±12.5 years). 
 
4.2 MRI Acquisition 
MRI scanning of the left hip and shaft was performed using a 1.5 MRI (MAGNETOM Avanto, 
Siemens, Muenchen, Germany) with body coil positioned over the hip and shaft regions. During 
scanning, the participants were positioned supine with legs extended and 15° externally rotated. 
For hip scan (i.e. femoral neck scan), a localizer scan using a T1-weighted spin-echo sequence 
(with parameters: TR=8.2ms, TE=3.51ms, number of excitation=1, flip angle=20°, slice 
thickness=6mm, in-plane pixel size=0.78x0.78 mm) was applied in oblique coronal and oblique 
saggital directions to determine the orientation of the femoral neck axis. Then a T1-weighted fast 
field-echo sequence was applied (with parameters: TR=12.7ms, TE=7.14ms, number of 
excitation=3, flip angle=10°, slice thickness=5mm, in-plane pixel size=0.49x0.49 mm) in a plane 
perpendicular to the oblique femoral neck axis (Figure 4-1). Thus the image plane represents the 
cross section of the femoral neck. For shaft scan, transverse images of the proximal femur 
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(relative to participant-specific orientation) were obtained using a T1-weighted turbo spin-echo 
sequence (with parameters: TR=616ms, TE=12ms, number of excitation=2, flip angle=180°, slice 
thickness=4mm, in-plane pixel size=0.45x0.45 mm). A single trained technician took three scans 
of each region for each participant with repositioning: participants were required to take a short 
walk between scans to incorporate the effects of different positioning and scanning orientation on 
precision outcomes. Each hip or shaft scan took 5min. The whole MRI scanning time was about 
15min/measurement/participant, including participant preparation, two localizer scans and two 
study images (hip and shaft scans).  
 
Figure 4-1. A localizer scan was first applied to find the femoral neck axis. Then scans of the 
cross section of the femoral neck were taken perpendicular to the neck axis. 
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4.3 Image Processing 
4.3.1 Image Interpolation 
Image interpolation was applied to original MRI images in order to transform a discrete image to 
a continuous image. The process of interpolation is to find the information for undefined or 
missed pixels based on the information provided by given pixels [111]. By applying image 
interpolation, the apparent stair-step effect of pixels can be reduced and smooth out the edges of 
pixels (Figure 4-2 and Figure 4-3). The interpolated image is closer to the actual image of the 
structure. In this study, image interpolation was applied to the shaft scans. The hip scans were not 
interpolated because the cortical thickness is so thin (e.g. ~1 mm or two pixels in parallel) that 
interpolated image may bring errors to precision results, such as including incorrect pixels (e.g. 
surrounding soft tissue pixels) as a part of bone. 
 
Figure 4-2. MRI images of the cross section of the femoral neck: (A) non-interpolated image 
(stair-step effect of pixels); (B) interpolated image (smooth boundary). 
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Figure 4-3. MRI images of the cross section of the femoral shaft and surrounding muscles: (A) 
non-interpolated image (stair-step effect of pixels); (B) interpolated image (smooth boundary). 
 
4.3.2 Regions of Interest Selection 
4.3.2.1 Femoral Neck Selection 
In this study, the femoral neck was determined as the narrowest cross-section of the proximal 
femur from the hip scans [9]. By viewing the images along the femoral neck axis and comparing 
the cross sectional areas of the femoral neck region, the one with the narrowest cross section was 
chosen. 
4.3.2.2 Femoral Shaft Selection 
The location of the femoral shaft was determined as being 2cm below the transition site (observed 
in the transverse images) between the proximal femur and femoral shaft (Figure 4-4) [112]. The 
transition site is determined as being where the cross section of the proximal femur just being a 
circular-like shape. Because the shaft scans were interpolated, the overall volume was divided 
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into more image slices, e.g. the image analysis software automatically divided 37 image slices to 
329 image slices. Then each slice thickness decreased from 4mm to 0.45mm; and a distance of 
2cm is equivalent to 45 interpolated image slices. Therefore, the 2cm location below the 
transition site was determined by moving 45 slices down from this point. 
 
Figure 4-4. Illustration above shows the locations of femoral neck and shaft from this study. The 
location of femoral neck was chosen as the narrowest cross section (A) of the entire proximal 
femur. The location of femoral shaft was chosen as the cross section (B) at 2cm below the 
transition site between the proximal femur and femoral shaft. 
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4.3.2.3 Surrounding Muscle Groups 
The location of the femur muscles was the same as that of the femoral shaft. In order to facilitate 
muscle delineation, four muscle groups were distinguished according to their movement 
functionalities (Figure 4-5): hip extensors (gluteus maximum, semitendinosus and biceps femoris 
long head), hip adductors (adductor magnus, adductor longus, adductor brevis and gracilis), hip 
flexors (rectus femoris and sartorius) and knee extensors (vastus intermedius, vastus medialis and 
vastus lateralis). 
 
Figure 4-5. The surrounding muscles of the femoral shaft at 2cm below the transition site 
between the proximal femur and femoral shaft were divided to four groups: hip extensors (gluteus 
maximum, semitendinosus and biceps femoris long head), hip adductors (adductor magnus, 
adductor longus, adductor brevis and gracilis), hip flexors (rectus femoris and sartorius) and knee 
extensors (vastus intermedius, vastus medialis and vastus lateralis). 
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4.3.3 Image Segmentation 
4.3.3.1 Half-Maximum-Height (HMH) Method 
The Half-Maximum-Height (HMH) method is an approach to define a threshold for optimizing 
boundary delineation and minimizing manual corrections (i.e. reduce artificial errors) [113-114]. 
In this study, the subject-specific segmenting thresholds were defined using the HMH method. 
This approach defines the threshold as the midpoint between the maximum and minimum 
intensity on histogram line profiles of two adjacent regions of interest. For the femoral neck 
segmentation, the pixel intensities of trabecular bone, cortical bone and surrounding soft tissues 
were determined. The thresholds for delineating endosteal and periosteal boundaries were 
calculated by taking the average values of the pixel intensities of cortical bone/trabecular bone 
and cortical bone/surrounding soft tissue (i.e. capsular ligaments), respectively. For the femoral 
shaft segmentation, the pixel intensities of muscle, cortical bone and bone marrow were 
determined. The thresholds for delineating endosteal and periosteal boundaries were calculated 
by taking the average values of the pixel intensities of cortical bone/bone marrow and cortical 
bone/muscle, respectively. For the femur muscle segmentation, the pixel intensities of fat tissue 
and muscle were determined. The thresholds for delineating muscle group boundaries were 
calculated by taking the average values of the pixel intensities of fat tissue/muscle respectively. 
4.3.3.2 Segmentation Procedures 
MRI images were transferred to ANALYZE 10 (Mayo Foundation, Rochester, MB, USA), a 
commercially available software, for boundary delineation using semi-automatic region growing 
approach (Figure 4-6 and 4-7). Firstly, we placed a seed at the center of a region; secondly, we 
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grew the periosteal boundary of the cortical bone based on this seed, while adjusting pixel 
intensity until it reached the subject-specific threshold using HMH method; thirdly, we grew the 
endosteal boundaries of the cortical bone using the same approach; and finally, we manually 
corrected those two boundaries where necessary, in order to ensure the entire regions of interest 
were included. A touch-screen interactive tablet (Cintiq21uX, Wacom, Krefeld, Germany) was 
used to perform manual correction. Regarding to femoral neck and shaft delineations, the cortical 
areas were outlined with the assistance of endosteal and periosteal boundaries. Regarding to 
muscle delineation, intermuscular boundaries of the four muscle groups were outlined using the 
same approach. 
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Figure 4-6 Illustration above shows semi-automatic segmentation process of MRI image of the femoral neck. In the process, we attempted to 
delineate the periosteal boundary by first placing a seed (A) at the middle of the black area (cortical area); we grew a boundary from this seed by 
applying threshold (B); we manually corrected the boundary where it was automatically over-outlined (C); we marked the whole region with coral 
color, which represents the total area of the femoral neck (D); using the same segmentation approach, we depicted the endosteal boundary (E); we 
outlined the cortical area with coral color by switching the trabecular area back to original color (F); the final presence of segmented MRI image, in 
which white colored area represents the cortical area (G). 
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Figure 4-7 Illustration above shows the segmentation process of MRI image of the femoral shaft and surrounding muscles. Based on a 
raw MRI image (A), we outlined the whole area include total shaft and muscle area using the same segmentation process that applied 
to segment the femoral neck image (B); then, we excluded area of the total shaft (C); we outlined each muscle group, cortical and 
marrow cavity area using different color to distinguish (D); the final presence of segmented MRI image with areas showing in different 
grayscale (E). 
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4.4 Bone Geometry and Strength and Muscle Area 
Custom algorithms (MATLAB, The Mathworks, Inc., Massachusetts, USA) was employed for 
extracting geometrical and strength properties from segmented images. The geometrical 
properties of proximal femoral neck and shaft include total area (Atot), cortical area (Acor), 
trabecular area (Atrab; for the femoral neck only) and cortical thickness (t) were extracted. Atot 
referred to the area surrounded by the periosteal boundary; Acor corresponded to the cross-
sectional areas surrounded by the endosteal and periosteal boundaries; Atrab referred to the area 
surrounded by the endosteal boundary; we calculated t in using two different approaches: circular 
ring approach (tc) and unrolling approach (tu). The circular ring approach was based on assuming 
the cross section of the femoral neck is a circular shape, t was obtained by calculating the 
difference between the outer periosteal radius and inner endosteal radius; the unrolling approach 
was based on firstly unrolling the cortical bone to obtain a trapezoid-like shape, and this shape 
can be changed to a rectangle-like shape with the length being the average length of the periosteal 
and endosteal boundaries and width being the cortical thickness. Thus tu was calculated by 
dividing Acor by the average length of periosteal and endosteal boundaries. Regarding to muscle 
analysis, the areas of total muscle, hip extensors, hip adductors, hip flexors and knee extensors 
were extracted. The strength properties include principal moment of inertia (Imax and Imin), 
sectional modulus (Zmax and Zmin), torsional rigidity (Zp; for the femoral neck only) and buckling 
ratio (BR) were calculated according to those equations listed in section 2.4 of chapter 2. 
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4.5 Statistical Analysis 
The in vivo precision of MRI-derived measures was defined by calculating the average root mean 
square coefficient of variation (CVrms%) [110]. CVrms% is the accurate assessment of the short-
term precision error of an imaging technique, and low CVrms% is an indication of high precision 
of this technique [110]. There is no critical CVrms% value to quantify if the technique has high 
precision. However, the Least Significant Change (which equals to 2.77 times CVrms%) is used to 
define if a difference (or change) between two measures is due to a true difference or due to 
imprecision of the technique [115]. For example, for a measure with a CVrms% value of 5%, if the 
observed difference is greater than 2.77x5%=13.9%, one can conclude that the difference is true 
and not due to imprecision associated with the technique. In this study, we scanned 14 
participants with three times each, achieving 28 degrees of freedom (DOF). The total number of 
42 scans was to ensure this study meet a requirement of minimum of 27 DOF, which is 
considered to be sufficient for charactering technique’s imprecision (i.e. a level of an upper 90% 
confidence limit of +30% of the mean precision error) [110]. The mean, standard deviation (SD) 
and ranges were also generated as descriptive data.  
 
4.6 Results 
In vivo precision errors (i.e. CVrms%) for MRI-derived bone and muscle outcomes were small (i.e. 
<7.6%). At the femoral neck, CVrms% for bone area ranged between 1.8% (Atot and Atrab) to 5.3% 
(Acor); CVrms% for cortical thickness varied from 5.0% (tu) to 5.9% (tc); CVrms% for bone strength 
ranged between 4.9% (BR) to 7.6% (Zmax) (Table 4-1). At the femoral shaft, CVrms% for bone 
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area ranged between 1.2% (Atot) to 1.7% (Acor); CVrms% for cortical thickness varied from 1.7% 
(tu) to 2.0% (tc); CVrms% for bone strength ranged between 2.0% (Zmin) to 3.1% (Imax) (Table 4-2). 
For muscle area, CVrms% ranged between 1.3% (total muscle area) to 4.5% (hip extensor area) 
(Table 4-3).  
  
 
4
3 
Table 4-1 Precision results for 1.5T MRI-derived bone geometrical and strength properties of the proximal neck. Geometrical 
properties include total bone area (Atot), cortical area (Acor), trabecular area (Atrab) and cortical thickness (t); strength properties include 
principal moment of inertia (Imax and Imin), section modulus (Zmax and Zmin), polar section modulus (Zp) and buckling ratio (BR). 
Precision is reported using root mean square coefficient of variation (CVrms%). 
 
   NECK  
 Geometrical properties   Strength properties  
 
Atot 
(mm
2
) 
Acor 
(mm
2
) 
Atrab 
(mm
2
) 
tc 
(circular) 
(mm) 
tu 
(unrolling) 
(mm) 
 
Imax 
(mm
4
) 
Imin 
(mm
4
) 
Zmax 
(mm
3
) 
Zmin 
(mm
3
) 
Zp 
(mm
3
) 
 
BR 
(classic) 
 
BR  
(area-
based) 
 
Mean 736.0 128.3 607.9 1.5 1.4  16667.3 11407.5 922.1 735.4 1880.2 13.4 5.8 
SDrms 12.4 6.4 10.2 0.1 0.1  1143.4 694.5 65.7 47.7 102.0 0.7 0.3 
CVrms% 1.8 5.3 1.8 5.9 5.0  7.3 6.5 7.6 6.9 5.8 5.4 4.9 
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Table 4-2 Precision results for 1.5T MRI-derived bone geometrical and strength properties of the proximal shaft. Geometrical 
properties include total bone area (Atot), cortical area (Acor) and cortical thickness (t); strength properties include principal moment of 
inertia (Imax and Imin), section modulus (Zmax and Zmin) and buckling ratio (BR). Precision is reported using root mean square coefficient 
of variation (CVrms%). 
 
    SHAFT 
  Geometrical properties   Strength properties 
 
Atot 
(mm
2
) 
Acor 
(mm
2
) 
tc 
(circular) 
(mm) 
tu 
(unrolling) 
(mm) 
 
Imax 
(mm
4
) 
Imin 
(mm
4
) 
Zmax 
(mm
3
) 
Zmin 
(mm
3
) 
 
BR 
(classic) 
 
BR 
(area-
based) 
Mean 632.4 434.1 6.4 6.3  34515.4 24248.7 2155.9 1768.0 2.6 1.5 
SDrms 7.8 7.5 0.1 0.1  1070.3 690.4 61.3 35.0 0.1 0.0 
CVrms% 1.2 1.7 2.0 1.7  3.1 2.8 2.8 2.0 2.7 1.4 
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Table 4-3 Precision results for 1.5T MRI-derived muscle areas at the femur (2cm below the transition site between the proximal femur 
and femoral shaft). Muscle areas include the areas of total muscles and four muscle groups (hip extensors, hip adductors, hip flexors 
and knee extensors). Precision is reported using root mean square coefficient of variation (CVrms%). 
 
 
Total muscles 
(mm
2
) 
                             MUSCLE GROUPS 
 
 
 
Hip extensors 
(mm
2
) 
Hip adductors 
(mm
2
) 
Hip flexors 
(mm
2
) 
Knee extensors 
(mm
2
) 
Mean 14348.3  2830.0 5462.2 1583.0 3838.4 
SDrms 180.0  127.5 86.8 28.5 69.5 
CVrms% 1.3  4.5 1.6 1.8 1.8 
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5 DISCUSSION 
5.1 Overview of Findings 
In this thesis research, we assessed the performance of MRI on measuring the proximal femur 
and surrounding muscles. This is the first MRI precision study that includes the measures of 
bone’s principal moment of inertia (Imax and Imin), section modulus (Zmax and Zmin) and the area of 
muscle groups. 
This research shows that MRI is precise in measuring bone geometry, strength and 
muscle area at the proximal femur, in vivo. The in vivo precision errors reported in this research 
represent the worst-case scenario, because they took participant repositioning and artificial 
movement errors into account. This research shows that the average CVrms% for bone measures 
was less than 4.0%, and that for muscle measures was less than 2.5%. According to the Least 
Significant Change, on average, MRI is able to measure change in bone and muscle measures if 
the change is more than 11.1% and 7.0%, respectively [115]. Low precision error values are 
contributed by the HMH method and semi-automatic region-growing segmentation, which 
facilitated the boundary discrimination and eliminated the majority of error sources result from 
fully manual image segmentation. Particularly, the precision error values for muscle measures 
were lower, which is due to MRI unique ability to display superior soft tissue contrast [116]. This 
ability of MRI is useful to differentiate muscle from bone and subcutaneous adipose tissue, and 
also showing more muscle details than CT and DXA do, such as clear presence of intramuscular 
adipose tissues. Meanwhile, higher CVrms% was found for estimating bone strength using MRI 
(average CVrms%: 4.8%), which indicates that MRI is still able to measure change in bone 
strength as long as that change (or difference) is more than 13.3% [115]. Basically, the bone 
 47 
 
strength is calculated from more than one geometrical property; however, each geometrical 
property has already been associated with certain amount of precision errors. Statistically, those 
precision errors accumulate if more than one variable (e.g. geometrical properties) involves, 
which increases the bone strength precision errors. Our results identify the potential of MRI in 
estimating bone strength and muscle area at the proximal femur.  
 
5.2 Comparison to Existing Findings 
In comparison with existing studies, our precision results for geometry-based bone outcomes 
compare favorably with in vivo measurements using MRI [9, 62, 75, 106, 109]. At the femoral 
neck, total cross-sectional area CVrms% was 1.8%, which compares with previous findings 
ranging from 1.4% to 2.7% [9, 62, 106]; and cortical area CVrms% was 5.3%, which compares 
with findings ranging from 5.4% to 11.7% [9, 62, 106]. Precision results for geometry and 
strength calculations which involved mathematical calculations, however, differed from previous 
results. Mean cortical thickness CVrms% results (circular: 5.9%, unrolling: 5.0%) were smaller 
than previous results ranging from 11-13.2% using the circular approach [9]. Buckling ratio 
CVrms% results (area-based: 4.9%, classic: 5.4%) were smaller than previous results from 7.3% to 
9.9% using an inverse of the area-based approach [9]; and Zp CVrms% was 5.8%, which was 
smaller than previous findings ranging from 12.5-15.1% [9]. Our smaller precision errors are 
likely attributed to the usage of subject-specific thresholds and semi-automatic region-growing 
segmentation with minimal user correction (e.g. via interaction pen) whereas previous studies 
depended predominately upon manual segmentation [9, 62, 106]. In addition, unlike Sievanen et 
al. [9], the assumption of circular shape for calculating the cortical bone was avoided in this study. 
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In reality, the shape of femur varies and distributed asymmetrically [22]. With regards to the 
muscle area, to our knowledge no MRI-based studies have determined precision errors for muscle 
areas of the thigh. However, our muscle area CVrms% results (range: 1.3%-4.5%) compare with 
CT-based precision errors ranging from 3.3% to 9.4% for hip extensor and flexor area [76]. Our 
CVrms% results compensate the lack of evaluation for the short-term MRI performance on 
estimating bone strength of the femoral shaft and area of surrounding muscles.  
In comparison with previous studies using other imaging techniques, such as DXA and CT, our 
MRI precision errors were lower than DXA-based HSA precision errors and comparable with CT 
precision errors. At the femoral neck, MRI-based bone geometry CVrms% results (range: 1.8%-
5.9%) compare with HSA-based results (range: 2.1%-7.9%) [117] and CT-based results (total 
area: 0.8%; cortical thickness: 1.5%) [93, 95]; MRI-based bone strength CVrms% results (range: 
5.4%-7.6%) compare with HSA-based results (range: 3.4%-11.7%) [117]. At the femoral shaft, 
MRI-based bone geometry CVrms% results (range: 1.2%-2.0%) compare with HSA-based results 
(range: 0.9%-4.2%) [117] and CT-based results were lacked; MRI-based bone strength CVrms% 
results (range: 2.0%-3.1%) compare with HSA-based results (range: 2.5%-5.1%) [117]. Although, 
the changes of the CT-based bone strength at the femoral neck and shaft were investigated [48], 
corresponding precision results were lacked.  
 
 49 
 
5.3 Strengths and Limitations 
5.3.1 Study Strength 
This thesis research has various strengths related to clinical application of MRI technique and 
study design, which require further explanation or have not yet been discussed. 
MRI possesses unique advantages for its clinical application, which makes its usage as 
one of study strengths. First, MRI is able to measure body extremity in arbitrary orientation. This 
ability allows it to measure proximal aspect of the femur – hip region, especially the femoral neck 
which is located deeply at the hip region with femoral neck axis has certain angle to shaft axis 
[118]. This is important because the femoral neck is a vital region in determining the theoretical 
fracture threshold for the entire femur [9]. Second, MRI offers superior soft tissue contrasts that 
can clearly manifest regions of bone and muscle [116]. The distinguishable boundaries of bone-
muscle facilitate region recognition and segmentation process. This ability allows more confident 
and precise measurement of bone-muscle structure. Third, MRI exposes no ionizing radiation to 
measuring subject and environment. This huge advantage keeps MRI away from ethical issue for 
in vivo measurements. So far, none of other imaging techniques possesses this advantage.  
The key strength of this research is the inclusion of femoral neck, shaft and surrounding 
muscles as the regions of interest, which makes this research to be comprehensive to assess the in 
vivo performance of MRI at the proximal femur for popular fracture instances. Those regions are 
commonly related to the risk of hip fracture, such as femoral neck fracture and shaft fracture 
usually happen with different impact instances [17-18, 49]. It is also important to include the 
measurement of surrounding muscles, because it is believed that hip fracture is not only related to 
bone strength but also muscle area [4-5, 35-36]. A second strength of this research is the 
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application of HMH method. Using this thresholding method, the majority amount of manual 
boundary delineation process was omitted. This method improved the precision by reducing the 
artificial errors that can deteriorate real estimation of MRI performance. A third strength of this 
research is that it is designed with adequate number of participants to define the short-term 
precision of an imaging technique. In this research, 14 participants were recruited and scanned 
three times using the same MRI equipment. Therefore, a total of 28 DOF were achieved to meet 
the requirement for estimating precision errors with an upper 90% confidence limit of less than 
30%, which is a level considered sufficient for characterizing technique’s imprecision [110].  
5.3.2 Study Limitations 
This research has study limitations pertaining to participants and unexpected data missing. First, 
the participants recruited for this research were in healthy condition (i.e. they do not have 
problematic proximal femur and muscles), and our study sample was young with only one older 
participant (i.e. aged 68 years). However, older participants, especially the ones with osteoporotic 
bone or atrophic muscle, are usually associated with thin cortical bone and small muscle area, 
respectively, which may complicate image segmentation process and increase the precision error 
[9]. Our results therefore represent an ideal case. Second, the shaft and muscle data of one 
participant were missing, which lowered the DOF from 28 to 26. Although the desired DOF is 27 
for adequately assessing the short-term precision of an imaging technique, 26 DOF does not make 
a huge difference in the results. For example, instead of estimating the precision errors with an 
upper 90% confidence limit of approximately +29%; with 26 DOF, we are still able to estimate 
the precision errors with an upper 90% confidence limit of approximately +31% [110]. 
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5.3.3 Technical Limitations 
This research has technical limitations related to boundary delineation and time consumption. The 
primary technical limitation is relevant to segmentation obstacles that arise from 1) the trabecular 
bone or bone marrow adjacent to the endosteum at the femoral neck and shaft; 2) the hip 
extensors muscle group that contains massive intramuscular adipose tissues. First, the healthy, 
young to middle-aged participants commonly contain substantial amounts of hematopoietic red 
bone cells within the trabecular area and the bone marrow cavity. This natural phenomenon may 
complicate the discrimination of endosteal boundary from trabecular area (i.e. for the femoral 
neck segmentation) or bone marrow cavity (i.e. for the femoral shaft segmentation), which 
majorly caused failure to automatically delineate endosteal boundary based on thresholding 
method only. In this case, manual segmentations were applied to correct the boundary where it is 
necessary, which also brought in errors. Second, similar obstacle was found when segmenting the 
hip extensors muscle group, as a large amount of intramuscular adipose tissues was observed. 
The boundary of the hip extensors was much harder to distinguish from surrounding adipose 
tissue than other muscle groups, which involved a larger amount of manual corrections and 
artificial errors. Third, the whole process of participant scanning was time consuming. MRI took 
about 5min for a length of 15cm hip scan. The scanning time is longer than CT uses, e.g. current 
CT takes only 80-200ms for one slice of scan, therefore, 24-60s for a 15cm hip scan [89]. The 
longer scanning time of MRI may increase concern for motion artifacts. 
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6 CONCLUSIONS AND FUTURE DIRECTIONS 
6.1 Conclusions 
In conclusion, the in vivo MRI precision study is among the most comprehensive in 
characterizing the proximal femur and its surrounding muscles. The precision results are 
comparable to those previously published MRI precision study, and complement the limited 
evidence of MRI-derived bone strength and muscle area measurements at the femoral shaft. Our 
results demonstrate that MRI is a promising non-ionizing technique for monitoring changes in 
bone geometry, strength and muscle area at the clinically important femoral neck and shaft. 
 
6.2 Contributions 
This study has generated several “firsts” (listed below), extending knowledge of MRI’s potential 
on application of the proximal femur and surrounding muscles.  
1. First study to include MRI-derived estimation of principal moment of inertia (Imax and Imin) 
and section modulus (Zmax) and (Zmin) as bone strength indices. 
2. First study to evaluate MRI performance for estimating bone strength and muscle area at 
the femoral shaft. 
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6.3 Clinical Significance 
The majority of hip fractures happen suddenly due to the compromised bone strength of the 
individuals cannot withstand a high impact. However, fragile bones develop silently and many 
people do not notice until hip fractures occur. An early diagnostic method is required. Current 
imaging techniques are limited in bone and muscle detections. Our results suggest that MRI has 
the potential to monitor small changes in bone geometry and strength and muscle area at the 
proximal femur, acting as a trustable imaging tool for early detection of fragile bone. Also, it is 
possible to investigate the influence of the bone geometry and the muscle area on the bone 
strength through measuring the changes, which will improve treatment of fragile bone. 
 
6.4 Future Research 
This thesis research has some potentials to improve regarding to selection of study participants, 
segmentation method, analysis processes and inclusion of adiposity measurement. 
1. The participants recruited for this research were healthy, and most of whom were young 
to middle-aged. More complicated cases are suggested to be included for broadly accessing 
the performance of MRI, such as osteoporotic patients and/or elderly population who may 
have thinner cortical bone or more complex bone and muscle structures.  
2. This research investigated the general performance of MRI, which incorporated the 
factors of mixed ethnics and genders. In the future study, MRI performance in regard to 
different ethnics and gender is recommended to assess separately. 
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3. The segmentation process could also be optimized by applying custom algorithm 
programming code for fully automatic segmentation, in order to eliminate errors brought by 
manual correction.  
4. Regional analysis of bone’s cross section is also recommended for future work. The bone 
geometry and strength of each region may differ to another because of asymmetrical 
distribution affected by lifelong daily physical activity. 
5. It is noted that a decrease in skeletal muscle and an increase in adipose tissue accompanies 
increasing age [119-120]. This phenomenon may induce physical impairment and disability in 
elderly [121-122], and also associating with hip fracture [96]. Adiposity, or the percentage of 
fat tissues, is worth to estimate in the future in order to determine the effect of fat or lean 
tissue on the bone strength. 
6. Validation of MRI technique is recommended for the future work. For bone measures, a 
comparison study can be conducted to find correlations between MRI-based measures and 
DXA or CT-based measures or mechanical testing-based cadaveric measures. For muscle 
measures, a comparison study can be conducted to find correlations between MRI-based 
measures and CT-based measures or dynamometry-based measures. 
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